The number of natural infections with Mycobacterium caprae in wildlife and in cattle in the Bavarian and Austrian alpine regions has increased over the last decade. Red deer (Cervus elaphus) have been recognized as maintenance reservoir; however, the transmission routes of M. caprae among and from naturally infected red deer are unknown. The unexpected high prevalence in some hot spot regions might suggest an effective indirect transmission of infection. Therefore, this study was undertaken to diagnose the occurrence of M. caprae in faeces and secretions of red deer in their natural habitat. A total of 2,806 red deer hunted in this region during 2014-2016 were included in this study. After pathological examination, organs (lymph nodes, lung, heart), excretions and secretions (faeces, urine, saliva and tonsil swabs) were further investigated by qPCR specific for Mycobacterium tuberculosis complex (MTC), M. bovis and M. caprae. Samples tested positive by qPCR were processed for culturing of mycobacteria. In total, 55 (2.0%) animals were confirmed positive for M. caprae by pathological examination, PCR and culturing of the affected organ material. With the exception of one sample, all of the secretion and excretion samples were negative for mycobacteria of the Mycobacterium tuberculosis complex (MTC). From one red deer, M. caprae could be isolated from the heart sac as well as from the faeces. Whole-genome sequencing confirmed that both strains were clonally related. This is the first confirmation that M. caprae can be shed with the faeces of a naturally infected red deer. However, further studies focusing on a higher number of infected animals, sample standardization and coordinated multiple sampling are necessary to improve the understanding of transmission routes under natural conditions. K E Y W O R D S bovine tuberculosis, faeces, M. caprae, MTC, qPCR, wildlife
The World Organization for Animal Health (OIE) has declared bTB in cattle as a notifiable disease (OIE, 2013) according to its potential to cause serious infections in humans and huge economic losses in animal production.
A reemergence of bTB in cattle in the Bavarian State (Germany) was first observed in 2007 (FLI, 2013 (FLI, , 2018 . A high number of bTB outbreaks in this area were recorded in 2009, 2012 and 2013 with 18, 20 and 35 outbreaks, respectively, mostly in the Allgäu region (Swabia, Germany) , where most of the cattle are pastured in the mountains during summer (FLI, 2018) . The transmission of bTB between wildlife and pastured cattle has already been reported (de Lisle, Bengis, Schmitt, & O'Brien, 2002; O'Brien, Schmitt, Rudolph, & Nugent, 2011) , and the potential transmission of MTC from wildlife to cattle in Europe has been confirmed to contribute significantly to this situation (Hardstaff, Marion, Hutchings, & White, 2014 (Palmer, 2013) . Based on the results of previous studies (Domogalla et al., 2013; Fink et al., 2015; Schoepf et al., 2012) , it is supposed that the new emerging cases of bTB in cattle in Tyrol, Austria, and in the southwestern Bavarian region of the Allgäu (Swabia) are likely to be linked to bTBinfected red deer.
During 2011-2013, a monitoring programme of the Coordination of European Research Area-Net (ERA-Net) on 'Tuberculosis in Alpine Wildlife' in four alpine nations (Austria, Switzerland, Germany, Italy) was carried out. One of the objectives of this programme was to investigate the prevalence of bTB in red deer, and additionally in other wildlife species such as wild boar, chamois and roe deer.
The results of different monitoring programmes (National surveys in Austria, Germany, European Research on Emerging and Major Infectious Diseases in Livestock Animals: EMIDA, 2013) showed that the prevalence of M. caprae in red deer in the Lechtal region (Austria) was ≥20%, and in the nearby area, southern Bavaria (Germany), it was 1%-4% (Büttner, Just, Neuendorf, Hörmansdorfer, & Zimmermann, 2013; Domogalla et al., 2013; EMIDA, 2013; Fink et al., 2015; Schoepf et al., 2012) . Whole-genome sequencing of M. caprae isolates from infected red deer and cattle showed a high similarity, which led to the conclusion that a transmission between these animals can continuously occur (Domogalla et al., 2013) .
Although red deer and cattle live in close vicinity at alpine pastures, direct contact can be excluded. In the course of the monitoring programmes, tuberculosis-typical lesions in positive red deer were found mostly in single lymph nodes or were even non-visible lesions. A so-called 'active tuberculosis', which is the only stage of tuberculosis that is supposed to be infectious in humans, was rarely found in infected red deer. These findings are surprising since the high bTB prevalence in the hot spot regions suggests an efficient direct or indirect transmission within the deer population. On the contrary, transmission crossing the host species, for example from red deer to cattle or vice versa, is probably restricted to the indirect way. Besides contaminated pastures, salt lick stones, fodder or soil at feeding places may be sources of indirect infection (Santos, Almeida, Gortázar, & Correia-Neves, 2015a) .
Therefore, the aim of this study was to investigate whether M. caprae is shed by secretions and/or excretions even if no active tuberculosis is diagnosed. Similar to a study investigating the excretion of M. bovis (Santos, Almeida, et al., 2015a) , we analysed faeces, urine, saliva and tonsil swabs of a representative number of hunted red deer (Cervus elaphus) from regions in Germany with a high bTB prevalence using PCR based methods, culturing techniques and whole-genome sequencing. and investigated within 24 hr after hunting. Table 1 shows the number of animals and derived samples (lymph nodes, faeces, urine, saliva swabs and tonsil swabs) investigated in this study. Organ samples (lymph nodes and other provided organs, e.g. head, pharynx, tonsils, lung, heart, intestine) were investigated by pathologists for bTB-typical lesions. The classification of animals as 'suspicious' or 'non-suspicious' for infection is based on the presence of bTB lesions in the investigated organs. Animals were classified as 'morphologically suspicious' if at least one organ showed characteristic lesions. If no suspicious lesion could be seen in any organ, the animal was classified as 'morphologically non-suspicious'. 
| MATERIAL S AND ME THODS

| Samples
| DNA extraction
The DNA extraction of all excretion and secretion samples (faeces, urine, saliva and tonsil swabs) from morphologically non-suspicious animals was performed at the Chair of Food Safety (LMU Munich).
Urine samples were processed directly for DNA extraction. One gram of the faeces or pooled lymph nodes were suspended in a tube containing 9 ml NaCl and vortexted for 2 and 10 min, respectively. Swab samples were soaked in 1 ml NaCl for 10 min and then vortex- 
| qPCR protocol
Samples from animals classified as morphologically suspicious for bTB were processed for qPCR amplification with 4 qPCR systems prescribed by the Friedrich Loeffler Institute (FLI, 2015) . These four systems are officially recognized in Germany in order to be applied for the diagnosis of MTC infections in cattle. The first and the second qPCRs aim to detect MTC (HELI + EK-and S1081 + EK-System; 91 and 85 bp, respectively); the third and the fourth qPCRs are applied to differentiate M. bovis and M. caprae (RD4 + EK-and MCAP + EK-System, respectively). for about 3 weeks. The culture was shaken daily for 5 min. Before harvesting, the culture was allowed to rest overnight at 37°C.
| Limit of detection
Then, only the supernatant of the culture was collected and filtered by using sterile gauze. The filtered supernatant was centrifuged at 500× g for 5 min, then transferred into a new tube and shaken for 2 min. The number of cells/ml was microscopically determined (400×) using a Thoma cell counting chamber. If bacterial cell clumps with more than 6 cells were still present, a centrifugation followed at up to 1,000× g for 10 min, and the enumeration of M. bovis BCG cells was re-assessed as described above.
After that, each type of sample suspension (lymph nodes, faeces, urine, saliva and tonsil swabs, see Section 2.2) from animals tested negative for MTC by qPCR was processed for artificial contamination with M. bovis BCG (10 6 -10 1 cells/ml sample suspension). DNA extraction and three qPCR systems were carried out as described in contaminated samples was determined with 3 qPCR systems. The first two qPCRs for MTC (HELI + EK-and S1081 + EK-System) are officially recognized in Germany. Thus, they were also included into the tests in order to compare the results with the third qPCR system (BactoReal ® kit, Ingenetix, Austria).
| Isolation of Mycobacterium spp
Samples tested positive for MTC by qPCR were further processed for culturing as described in the handbook of diagnostics from the FLI (2015). One gram of each sample type (e.g. faeces, pooled lymph nodes) in 50-ml falcon tubes was added with 5 ml PBS and 5 ml N-acetyl-l-cysteine-NaOH solution (NALC-NaOH) to decontaminate the accompanying microorganisms. The sample suspension was shaken at 250 U/min for 20 min at room temperature.
In order to neutralize NALC, the suspension was mixed with 10 ml 
| Whole-genome sequencing
The DNA extracts of MTC isolates were further processed for whole-genome sequencing in order to search for intrahost heterogeneity in red deer.
Initially, 100 ng of each DNA was fragmented to an average trimmed from both sides until the base quality was greater than Q20 and only those reads greater than 50 bp length after trimming were considered. Resultant reads were mapped against the assembly of M caprae (NCBI reference sequence: NZ_CP016401.1) using BWA mem (Li & Durbin, 2009 ). Duplicated reads were removed using the Picard tool, and indels were realigned by GATK suite (McKenna et al., 2010) . Finally, variants were called using VARSCAN (Koboldt et al., 2009 ) and manually corrected by inspecting visually in IGV (Thorvaldsdóttir, Robinson, & Mesirov, 2013) platform. In total, 2,806 red deer were included in this study; 57 animals thereof (n = 55 from Bavarian alpine regions; n = 2 from the Bavarian Forest) showed similar pathological lesions typical for an infection with bTB in at least one investigated organ (e.g. abscesses or necrotic lesions in lung, tracheobronchial or mesenteric lymph nodes) and were classified as morphologically suspicious for bTB. The remaining 2,749 animals without typical signs or lesions were subsequently categorized as morphologically non-suspicious animals. Samples found to be positive for MTC by qPCR were mostly taken from organs with pathological lesions such as tracheobronchial and mesenteric lymph nodes, lung and heart (see Table 4 ). All After infection, in this case, M. caprae was able to spread and infect many organs but slightly mutated during the long course of infection.
| RE SULTS
Culturing of M. caprae is challenging, even in morphologically positive organs. The isolation of MTC especially from faeces is even more problematic due to the high load of intestinal microorganisms, which makes mycobacterial DNA detection more successful than culturing (Santos, Santos, et al., 2015b) . This was also the case in this study: although the faecal sample was clearly positive for M. caprae by qPCR, the strain could only be isolated after the third round of isolation attempts, which is very time-consuming (up to 12 weeks). In order to avoid an unnecessary amount of work, samples (organs, lymph nodes, excretions and secretions, n = 4,987) negative for MTC by qPCR were not processed for culturing, regardless of whether they were from morphologically bTB suspicious or non-suspicious animals.
The detection of M. bovis in secretions and excretions from animals by using qPCR-based methods has been reported for, for example, faeces of naturally infected badgers in Great Britain (Sweeney et al., 2007) or red foxes in France (Michelet et al., 2018) . In Portugal, faeces and urine samples of wild boars and red deer with suspicious lesions were also found positive for the MTC group by qPCR (Santos, Almeida, et al., 2015a) . In this study, none of the animals was positive for M. bovis, since M. caprae is the dominant species of bTB established in the investigated areas (Fink et al., 2015; Müller et al., 2014; Schoepf et al., 2012) . The occurrence of M. caprae infections is mostly reported in continental Europe, especially in Spain and in countries with alpine wildlife habitats (Domogalla et al., 2013) . Besides red deer and cattle, M. caprae was detected in dromedary camels and bisons in a zoological garden in Slovenia (Pate et al., 2006) , as well as in free-ranging European bisons in Poland (Krzysiak et al., 2018) , wild boars in Hungary and Spain (Csivincsik, Rónai, Nagy, Svéda, & Halász, 2016; García-Jiménez et al., 2013) , and grey wolves in Poland (Orłowska et al., 2017 infection outside Europe was reported by Yoshida et al. (2018) in a Borneo elephant in Japan.
Among wildlife species, red deer are often considered as spillover hosts, which can occasionally spread MTC to other wildlife or domestic animals (Nugent, 2011; Wilson et al., 2009) . However, in high-density populations, red deer can become maintenance hosts as demonstrated in the alpine regions of Austria and Germany (Fink et al., 2015; Wilson et al., 2009) are required to clarify whether animals infected with non-active tuberculosis actually shed the bacteria through secretions and excretions.
| CON CLUS IONS
This cross-sectional study was undertaken to investigate the possibility of MTC shedding via secretions and excretions of naturally bTB-infected red deer in Bavaria, Germany. In total, 2.0% (55/2,806) of the investigated red deer were positive for M. caprae. Only one bTB-positive animal excreted M. caprae via faeces. Two M. caprae stains, isolated from the faeces and from the heart sac of one old and generally affected animal, allowed comparative whole-genome sequencing and showed no major sequence mutations over a presumably long incubation period. Since shedding of bTB via secretions and excretions could be intermittent, a longitudinal study may be appropriate, however difficult to apply in free-ranging wildlife.
Therefore, a high number of animals which are confirmed to be infected are required, and the isolation and DNA extraction methods should be optimized to detect a low number of MTC in secretions and excretions of infected red deer.
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